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This report presents the results of field testing of the AN/GRC-173(XW-1)
Radio Set in the Washington, D.C. area. The field testing was conducted to
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operated at 36.6 and 37.6 GHz between sites selected at the Pentagon and a
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20. ABSTRACT (cont'd)

:

rapid deployment of the link. The two radio sets which were utilized in these

tests were the same ones as studied, designed and fabricated under Phase I
(f2asibility study) and Phase Il (development) of this program. Units of
the equipment had run between 4500 and 7400 hours through the period of the
tests. attesting to a high degree of reliability. System tests on Phase III
utilized both wideband and narrowband baseband equipment to interface with
the AN/GRC-173(XW-1). A feature of these tests was the digital transmission
of high resolution (1025 line) television over the link. Delta modulation
type analog-to-digital and digital-to-analog converters were used in coding
and decoding the signals at a 80 Mb/s rate. Low speed data at approximately
50 Kb/s was also communicated over the link. The TV test demonstrated the
use of a substantial portion of the radio set's 236 Mb/s capacity. The

1ink was shown to be a noninterfering channel for the transmission of the
high resolution TV images. The Phase 1I1 tests also included demonstration
of margin sufficient to communicate over the specified 10 km (6.2 mile)
design range when required to do so. Test equipment (variable attenuation)
aided this test since the distance of 4.4 km (2.73 mi) between the selected
sites was less. Error rate measurements were made for the first time with
the radios propagating over a line of sight path. The measured probability
of error was lower than 106, Relay operation was simulated by including
tests where one of the terminals had the received and decoded data looped
back through the transmitter for transmission to the originating terminal.
Propagation data established the capability of the radio set to operate
under a variety of weather conditions, including rainfall, snow, and fog.
Measurements showed that the path availability for the link was greater

than 99.9% for a three-month period of taking propagation data. The general
conclusion drawn from the test program is that the AN/GRC-173 (XW-1)
millimeter wave radio set can reliably fulfill its intended design function
of line of sight communications of wideband signals.
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EVALUATION MEMO

This final report on the third phase of the millimeter wave contract
covers the unique problems, installation and operational testing of Radio
Sets AN/GRC-173(XW-1), which were built for, and delivered to, the Defense
Communications Agency in mid-1973. The work accomplished was in response
to Defense Communications System requirements of DCA Task 69-R&D-6, as out-
lTined in Appendix 9 of DCA/DCS Plan 70-80(U), Volume II.

These equipments have been in service since October 1973 to satisfy
RADC test requirements while simultaneously serving as a test bed for
digital data transmission of graphics, video and voice.

The electrical and propagational reliability of this experimental,
quasi-militarized, system has heen very satisfactory and it has been demon-
strated that the basic performance requirements have been met adequately.
It is obvious that the wideband, short haul, capability demonstrated here
has only special application although recent observations indicate that the
digital millimeter radio field now has been entered by several competitive
manufacturers and users, where initially there were very few. This was the
major intent of DCA in the first place, back in 1968; namely, to stimulate
interest and technical progress toward the fully digital communications sys-
tems of the future. This millimeter wave communications program has served
that end very satisfactorily.

RbglIf ey g’
HUGH N. SIEGEL
Electronics Engineer (DCCW)
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FOREWORD

This report covers work done on Phase 111 of the '"Millimeter Wave
Communications Program ''for Rome Air Development Center, Griffiss Air
Force Base, New York, under contract 30602-70-C-0063, Job Order Number
11500101, between 1 July 1973 and 15 February 1974. This report describes
the installation, operational testing and evaluation of Radio Sets AN/GRC-173
(XW-1) and includes acceptance test results.

The testing described herein was pe rformed in the Washington, D.C. arca
by engineering personnel of the Raytheon Company, Equipment Division,

Wayland, Massachusetts with assistance from engineering personnel of the
Raytheon Service Company, Burlington, Massachusetts. Principal investigators
and authors were Stanley Kapuscienski, Richard Hazel, Fredric Talmanson and
Ralph Shepherd. Thomas Joyce provided mechanical engineering support.

Jeffrey Bram provided assistance in the analysis and reduction of propagation test
data by means of computer.

The authors wish to acknowledge the assistance on various aspects of the
program of the following Raytheon engineers and managers: Walter Connor,
Terrence Kelly, John Mutty, Edward Rich, James Roche, William J. Smith,
Carson Tsao, and David Trask.

Hugh N, Siegel (DCCW) was the RADC Project Engineer. The intensive
effort and guidance of E. Phillips Grier, Sr. of the Defense Communications
Agency, who provided individual assistance and directed a group of interested
Washington, D.C. Government agency personnel in investigating the link
characteristics, is furthermore sincerely acknowledged.
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ABSTRACT

This report prescnts the resulty of field testing of the AN/GRC-173(XW-1)
Radio Set in the Washington, D.C. arca. The field testing was conducted to
determine the performance characteristics of this wideband millimeter wave
digital radio equipment in a typical link configuration. The duplex link operated
at 36.6 and 37. 6 GHz between sites selected at the Pentagon and a building
adjacent to the Washington Navy Vard (WNY). Heliccpter lift of the equipment
shelters and antenna to the rooftops of these buildings aided in the rapid deploy-
ment of the link. The two radio sets which were utilized in these tests were the
same ones as studied, designed and fabricated under Phase I (feasibility study)
and Phase II (development) of this program. Units of the equipment had run
between 4500 and 7400 hours through the period of tre tests, attesting to a high
degree of reliability. System tests on Phase III utilized both wideband and
narrowband baseband equipment to interface with the AN/GRC-173(XW-1).

A feature of these tests was the digital transmission of high resolution (1025
line) television over the link. Delta modulation type analog-to-digital and
digital-to-analog converters were used in coding and decoding the signals at

a 80 Mb/s rate. Low speed data at approximately 50 Kb/s was also com-
raunicated over the link., The TV test demonstrated the use of a substantial
portion of the radio sect's 236 Mb/s capacity. The link was shown to be a non-
interfering channel for the transmission of the high resolution TV images.

The Phase III tests also included demonstration of margin sufficient to com-
municate over the specified 10 km (6.2 mile) design range when required to do
so. Test equipment (variable attenuation) aided this test since the distance of
4,4 km (2,73 mi) between the selected sites was less. Error rate measurements
were made for the first time with the radios propagating over a line of sight
path., The measured probability of error was lower than 10-6, Relay operation
was simulated by including tests where one of the terminals had the received and
decoded data looped back through the transmitter for transmission to the origi-
nating terminal. Propagation data established the capability of the radio set to
operate under a variety of weather conditions, including rainfall, snow and fog.
Measurements showed that the path availability for the link was greater than
99.99% for a three-month period of taking propagation data. The general con-
clusion drawn from the test program is that the AN/GRC-173(XW-1) millimeter
wave radio set can reliably fulfill its intended design function of line of sight
communications of wideband signals.
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SECTION I
INTRODUCTION AND SUMMARY

1. SCOPE

This report covers field testing of the AN/GRC-173 (XW-1) conducted
during Phase III of a planned three-phase program. The AN/GRC-173 (XW-1)
Radio Set is the result of a study and development program concerning the re-
quirements for high capacity digital communications at millimeter wave carrier
frequencies (References 1 and 2). .

The radio operates at a data rate of 235.9296 Mb/s in the 36 to 38.6 GHz
Government frequency band. The evaluation and testing of two of the radio sets
in a link, which is described in this report, was conducted in the Washington, D.C.
area from early August 1973, to mid-February 1974.

Technica! details covered in this report include the data for measurements
of error rate, transmission range, propagation variables and system message
transmission capabilities with the radio sets operating in a link configuration.
Documentation of installation and facility configuration is also included to assist
in future applications. Earlier project technical reports cover the Phase I feasi-
bility design study (Reference 3) and the Phase 1I development, fabrication and
in-plant testing (Reference 4) of the Radio Sets.

2. THE AN/GRC-173 (XW-1)

A view of one of the radio sets installed for testing in Washington, D. LT
is shown in Figure 1. The radio set configured for full duplex operation includes
multiplexer, transmitter, modulator and demodulator (modem), receiver,
demultiplexer and antenna system. The equipment is rack mounted in the shelter,
with the adjacent antenna connected to it by waveguide. Figure 2 shows a simpli-
fied block diagram of the AN/GRC-173 (XW-1).

Es OBJECTIVES
The purpose of the tests was dual: (1) to demonstrate operational capability
of the AN/GRC-173 (XW-1), and (2) obtain experimental data for wideband
millimeter wave transmission systems.
The specific objectives of Phase III encompassed the following:
a. Feasibility of Wideband Millimeter Radio
To demonstrate the feasibility of low error rate, high speed digital

transmission system operation in a typical Washington, D.C. environment with
a line-of-sight millimeter wave radio.

Sec Section VII for list of References.
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Range Performance

To demonstrate that the AN/GRC-173 (XW-1) transmitting at a data
rate of 235.9296 Mb/s can be installed and operated when necessary between
terminals having a separation of 10 kilometers (6.2 miles).

€ Error Rate Performance

-6TO demonstrate the attainment of a probability of error in the link

of P =10
e
d. Communications Traffic Capability
To demonstrate a capability of operating with typical user terminal

equipment such as digitized television (TV) and low speed multiplexers, by means
of loading the AN/GRC-173 (XW-1) with actual or simulated data traffic.

e. Propagation

To obtain link propagation data relating signal attenuation to trans-
mission path variables.

f. Terminal Types

To confirm that the equipment can be set up and operated as a relay
terminal as well as an end terminal,

g. Order Wire
To evaluate the effectiveness of the built in voice order wire channel,
Operability

To evaluate equipment operability characteristics such as alarms,
controls, transportability, reliability and maintainability.

4, RESULTS

The results of the field testing and evaluation are summarized below. Ob-
servations are noted separately corresponding to each of the objectives listed in
Section 3, above,

a. Wideband Millimeter Radio Feasibility

In the representative Washington environment, the radios proved out
their design function of high-speed digital signal communications at low error
rate., The link was established on a line-of-sight between the rooftops of the
Pentagon and a building at M and lst Streets, which is contiguous with the Wash-
ington Navy Yard (WNY). The latter will be referred to in this report as the WNY
station. The Pentagon station transmitter was operated at the millimeter wave




frequency of 36.6 GHz and the WNY transmitter at 37.6 GHz. The Pentagon -
WNY configuration was selected from among numerous other candidates
(Reference 5) for several reasons, including availability of the facilities to
the project and suitability of the locations for demonstration in a defense
complex environment.

———

b. Range Performance

The Pentagon - WNY link was set up over a 4.4 km (2.73 mi) distance.
The conclusion that the radio is capable of communicating over a 10-km design
range was cstablished by evaluating the results obtained at the shorter range.
This was done in the traditional way of intentionally introducing the additional
losses which will be experienced over a longer link by means of a variable atten-
wator. During demonstration, wideband digital traffic such as high resolution
television was transmitted and found to be unaffected. The tests, together with
link budget analysis, confirm the ability to meet performance requirements J
at the extended range of at least 10 km whenever there is a future need to do so. ;

cr Error Rate Performance

-

On Phase III, measurements of the bit error performance of the

AN/GRC-173 (XW-1) were run for the first time over a line-of-sight link. Low ;
error rates indicative of digital system capabilities were measured. Figure 3 f
shows a curve of the probability of bit error (P_) over the link as a function

of signal-to-noise ratio. This discloscs that aQPC = 107° for the link is ob-
tained for S/N approximately 15 to 16 dB and P, = 10-8 for S/N approximately
17 to 18 dB. This is within 1 to 2 dB difference from the performance attained

1 in back-to-back tests on Phase Il

P

e

d. Communications Traffic Capability

Interest in the radio set's capability for handling communications
signals was high during Phase III with the link in place in Washington, D,C., Con-
siderable time and effort were spent in the implementation of a capability to
transmit high resolution imagery over the link via television. A series of tests ;
were performed using the radio and Raytheon supplied breadboard analog-to- i
digital (A/D) encoder and digital-to-analog (D/A) decoder equipment, operating A
in conjunction with Government-furnished 1025 line TV camera and monitor
equipment. The transmission and reception of TV was accomplished using two i
40 MBPS channels of the AN/GRC-173 (XW-1) for a total transmitted signal of f

|

T ST pa ~ By

80 MBPS. The digital link was shown to be a non-interfering channel for the

video image by running quantitative control tests in the laboratory and then com-
i paring the results when the link was used. The TV test was highly suited to the

wideband transmission specification for which the AN/GRC-173 (XW-1) was de-

signed and graphically portrayed the capability to transmit wide bandwidth data !

in real time. Figure 4 is a view of the received imagery on the TV monitor

after transmission over the link. Besides wide bandwidth data, the sending

of low-speed digital data over the link was also demonstrated using signals from

a pattern generator operating between approximately 1 Kb/s and 1 Mb/s.

This testing simulated operation of the AN/GRC-173 (XW-1) with source instru-

ments such as the AN/GSC-24 or other low-speed digital sources. The low-speed
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Figure 4. TV Monitor Display of Imagery Transmitted Over Link

data demonstration utilizes the 9.8 MBPS channel of the set's Videophone Mux
Demux unit operating as a sampling mux and regenerator.

e. Propagation

Propagation tests demonstrated the high transmission system re-
liability of the AN/GRC-173 (XW-1) in Washington, D, C. Atmospheric condi-
tions of rain, snow, fog and pollution which occurred during the test period
provided a rigorous test of a millimeter wave link. Propagation testing was
facilitated by recording rainfall rate data at the Pentagon, the WNY site, and
at East Potomac Park (which is approximately midway between the two end
terminals), and by recording received signal level as a function of time at the
radio receivers. Propagation data recording was carried out for a three month
period beginning in mid-November 1973 and ending in mid-February 1974.
Signal strength recordings were obtained for 2054 hours out of the 2112 nours
total in this period. It was not possible to obtain an estimate of the attenuation
coefficient as a function of rainfall rate (dB/km per mm/hr of rain), since it
was found that rain wetting the surface of the antenna cover (or radome) pro-
duced a loss whose effect could not be isolated by the instrumentation arrange-
ment from that due to rain in the rest of the path. However, this resuir did not
preclude obtaining of statistical data on total link propagation reliability, Fig-
ure 5 summarizes the statistical results of the measurements. showing the
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Figure 5. Propagation Fade Statistics Data

percentage of time for which a given fade depth occurred, For the system mar-
gin, rainfall produced only a single instance of communications outage of about
five minutes duration during the recording period. The path availability for the
link in this period was greater than 99.99 percent.

Besides propagation in the natural atmospheric variables, construc-
tion machinery (high cranes) was also encountered, and is an unusual operating
condition for a microwave line-of-sight radio. Momentary fades up to approxi-
mately 10 dB could be produced by the cranes in or near the path line, but the
loss was well within the system margin tolerance. This type of consideration
will be entirely eliminated upon completion of the transportation system con-
struction in the vicinity.

f. Terminal Types

The normal mode of operation of the radios, as set up in Washington,

D.C., was a duplex terminal at each end. Each of the radios simultaneously
communicated one with the other, and cach served as an originating and ending
point. However, for portions of the testing, the radio sets were operated in a
"oop-around' configuration, wherein at the WNY terminal the received signal
stream (which originated at the Pentagon) was patched back through the WNY
radio set equipment for sending back to the Pentagon. This simulated relay
operation without using an actual interposing terminal, and conserved program
resources.
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g. Order Wire

A minor test program objective, which was often demonstrated,
was the effectiveness of the built-in order wire channel. It was used in opera-
tions such as assisting in link alignment and in controlling the sequence of
TV pictorial data for transmission. A switchable phone-patch to other voice
circuits was also implemented to demonstrate compatibility with external plant.
The quality of the 30,5 Kb/s order wire voice communications (using a Ton-
tinuously Variable Slope Delta (CVSD) modulator) over the link, was found to
be suitakle for the intended purpose.

h, Operability and Equipment Reliability

The obtaining of operability data on the AN/GRC-173 (XW-1) was an
adjunct of the installation and test operations. The installation in itself included
demonstrations of transportability via flatbed truck and helicopter (see Figure
6) and rapid erection of the antenna systems. The displays, alarms, and techni-
cal manual were proved suitable for installing, operating and maintaining the
radio sets. Routine unattended operation was also proved.

Equipment problem areas were generally minimal. They included
failures in the down-converter mixer and Avalanche Diode Oscillator, but not
until after they had been used for several thousand hours. Re-establishment
of the link could be rapid, based on the spares philosuphy of module and card
ievel replacement. Since spares were unavailable at the time of testing, field
or factory repairs within a few days time were actually employed. More than
3000 hours operation in the link per-terminal (6000 hours total for both ter-
minals combined) were logged up to 15 February 1974. (Note: some of the in-
dividual units of equipment had logged over 7000 hours each, when considering
both Phase II and Phase III operations.,) The reliability achievements are
attributed mainly to the solid state configuration of the¢ radio sets and the appli-
cation of advanced technology in millimeter wave and digital system design.

5. GENERAL CONCLUSIONS

During Phase III, the two AN/GRC-173 (XW-1) Radio Sets developed and
fabricated under Phase II were successfully installed and operated as a line-of-
sight link in the Washington, D.C. area. These final operational and evaluation
tests demonstrated reliable system performance for a high-capacity digital
millimeter link and disclosed the utility of the radio for communication in a
representative defense environment.

6. ORGANIZATION OF REPORT

Section II describes the radio set hardware and the auxiliary test equip-
ment utilized in Phase IIL

Section III gives information on the communications path and the sites at
the Pentagon and the WNY.
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Section IV presents the details of the test data and the experimental
results obtained during the testing period. This includes data on evaluation
of transmission range, bit error probability, high and low-speed data trans-
mission, and propagation testing.

Section V discusses data relative to transporting and installing the radio
sets and presents equipment operating logs and reliability data.

Section VI presents the conclusions and recommendations derived
from the Phase III operations.

Section VII lists the references used in this report.

The appendices contain additional data and analyses supporting the test
phase requirements.

7. ADDITIONAL SCOPE

After the effort as outlined above was completed under the basic con-
tract, an engineering change was implemented to cover an additional investi-
gation from February 15, 1974 to May 31, 1974. A report on the effort during
the extension period is included as an addendum at the back of this report.,
The main purpose of the engineering change was to operate and demonstrate
the link using TV terminal equipment connected to the AN/GRC-173 (XW-1)
radio from a remote demonstration arca in the Pentagon. This effort was in
addition to the initial TV digital communications link tests with the radio and
TV equipment co-located in the shelters, as de:cribed in Section IV-5, The
final report and the addendum are combined in a single permanent record in
order to facilitate understanding of equipment and site configuration
relationships in the supplementary effort.
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SECTION 1I

EQUIPMENT USED IN TESTS

jid GENERAL

In this section, the AN/GRC-173 (XW-1) equipment used in the Phase 111
field tests is described, together with the test equipment (including peripheral
terminal equipment) which was utilized to support the tests and demonstrations.

2n AN/GRC-173 (XW-1) EQUIPMENT

Information regarding the radio set needed to understand the test setups
and results, is described in this section. Development and design type details
may be obtained by referring to References 3 and 4.

The AN/GRC-173 (XW-1) is an all solid state radio that combines time
division multiplexing (T DM) and radio transmission and reception functions in
one facility. It transmits signals at a 235.9296 Mb/s data rate in the 36 to 38.6
Government frequency band. An overall block diagram of the radio is shown
in Figure 2. A block diagram of the transmitter and receiver is shown in
Figure 7, and the digital multiplexing eguipment is shown in Figure 8.

The equipment is integrally contained in a shelter, except for the parabolic
dish and front-feed antenna system, which is mast-mounted adjacent to the
shelter and connected to an rf input/output bulkhead via RG-96/U waveguide.
Vertical polarization was used for the antennas in the link although horizontal
polarization could as well have been employed. Digital data inputs and outputs
of the radio are of the non-return to zero (NRZ) type. Data and clock line
coaxial type connectors are included at the digital equipment units, as well
as at a bulkhead on the shelter.

The AN/GRC-173 (XW-1) equipment employed in the Washington tests
was designed and fabricated by Raytheon under Phase II of this contract
(F30602-70-C-0063). Besides the two shelters, antennas, and radios actually
employed in the link, there were four additional antennas and another shelter
which were built under Phase II and shipped to the Washington area for storage
for future use. Figure 9 presents the total equipment availability and usage.

Figure 10 is a view of the shelter interior details, including the rack-
mounted radio and digital equipment. The exterior bulikhead for input and output
connectors is shown near the door.

During the test period, the link was generally operated in the full duplex
mode, simultaneously transmitting and receiving data sigrnals. Thus, simul-
taneous two-way transmission was possible for any of the tests, unless limited
by the availability of test equipment or terminal equipment for the particular test.

13/14
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In a portion of the testing, the radio sets were operated in a loop-around
configuration as discussed under BER testing., This configuration permitted
BER testing with the available quantity of test equipment. In addition, it simu-
lated relay operation with the available quantity of radio equipment as deployed
in the Pentagon - WNY link.

There are several digital input/output ports at various data rates incor-
porated in the AN/GRC-173 (XW-1). Table I, below, lists these.

The 39.29 Mb/s and 6.14/6.31 Mb/s ports operate asynchronously
through bit-stuffing and bit destuffing units incorporated into the radio., The
stuff coatrol information is carried on a separate overhead data channel. When
the 6.14/6.31 Mb/s ports are not being utilized, two additional 9.83 Mb/s ports
are available. Note that any of the inputs can be taken from some other multi-
plexcr, hence the system can be expanded to accept facsimile, computer data,
voice, videophone, etc., or a combination of these.

To summarize, Table II lists the basic specifications of the AN/GRC-173
(XW-1).

Table I. Input/Output Ports

Number of Ports Bit Rate Per Port Typical Use
5 39.29 Mb/s Digitized High Speed
TV
3 Selectable either Low Speed Mux (e.g.,
6.14 or 6.31 Mb/s AN/GSC-24 or T-2)
1 9.83 Mb/s Low Speed Mux (e. g.,
AN/GSC-24)
1 30.5 KBPS Voice
Built-In Order Wire

21
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Table 1I. Basic Specifications Radio Set AN/GRC-173 (XW-1)

i,

TRANSMITTER
Power Output:
Operating Frequency:
Type of Modulation:
Modulation Rate:
Type:

Input:

RECEIVER

Type:

Local Oscillator:

IF Frequency:
Noise Figure:
Method of Detection:

Output:

HIGH SPEED MULTIPLEXER

Number of Channels:
Type Inputs:
Type of Conversion:

External Data Inputs:

External Clock Inputs:

Greater than 100 mW
36 to 38.6 GHz band
Bi-phase shift keying
235.9296 Mb/s

All solid state

Differentially encoded baseband
signal

Superheterodyne, all solid state
Fixed-tuned nelow carrier frequency
940 MHz

Less than 15 dB at diplexer
Differential phase

Differentially decoded baseband
signal

5

A synchronous

Bit stuffing

NRZ, 39,29 Mb/s nominal

39,29 MHz nominal

e
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Basic Specifications Radio Set AN/GRC-173 (XW-1) (cont,)

4,

HIGH SPEED DEMULTIPLEXER

Number of Channels:
Type Outputs:
Type of Conversion:
Data Outputs:

Clock Outputs:

VIDEOPHONE MUX/DEMUX

Type:
Inputs/Outputs:

Data Rate:

CLOCK UNIT
Clock Generator Ouatput:

Clock Aging Rate:

Clock Recovery:
ALARMS AND DISPLAYS
Visual Alarms:
Monitored Equipment:
POWER SUPPLIES
Quantity:

Primary Power:

Outputs:

Additional Power Provision:

5

Asynchronous

Bit destuffing

NRZ, 39.29 Mb/s nominal

39.29 MHz nominal

Asynchronous
3 data and 3 clock

3 selectable either 6,14 or 6.31 and
1 at 9.83 Mb/s

235.9296 MHz, 0.5 Vrms +10%

be 10~10 per day averaged over

235.9296 MHz clock and two data lines

30 illuminated indicators

All rf and digital units

1 for rf, 1 for digital

120/240V +10% single phase,
47 - 420 Hz

+5, -5, +15, -15, +12, +34, +85 Vdc

Dc/ac inverter and filter to convert
12 or 24V battery to ac

a
|
b
i
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Table II. Basic Specifications Radio Set AN/GRC-173 (XW-1) (cont.)

9. ORDERWIRE GROUP

Handset: Type H-156 ( )/

Incoming Call: Buzzer and lamp

Outgoing Call: Call-rin‘g push button switch
Type: Voice audio, digital at 30.5 KBPS,

continuously variable slope delta
modulation type

10. ANTENNA ASSEMBLY
Type: Button-hook fed dish assembly on
AZ-EL adjustable mast assembly
Diameter: 6 ft
Gain and Beamwidth: 54 dB (0. 35° half-power angle)
Environmental Provisions: Heater and hypalon cover for ice

and snow protection
Feed Waveguide: RG-96/U
11. SHELTER
Exterior Dimensions: 99-in. L x 76-in. W x 78-in. H

Includes: Air conditioning, work table, fire
extinguisher, etc.

Weight: 1400-1bs shelter only; gross weight
2000-1bs with equipment

12. PRIMARY POWER

Voltage: 120/240V +10% single-phase
Frequency: 47 - 420 Hz
Power: 0.5 to 2 kW depending on auxiliary

equipment interior to shelter
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Table 11. Basic Specifications Radio Set AN/GRC-173 (XW-1) (cont. )

13. OPERATING CONDITIONS

Temperature Range: -40°F to +125°F
Humidity: 96% relative at 86°F
Altitude: 10, 000 ft

14. STORAGE CONDIT1ONS

Temperature Range: -62°F to +160°F
Humidity: 96% relative, with condensation
Altitude: 50, 000 ft

8k TEST EQUIPMENT

Three categories of test equipment were used to support the Washington
Phase 1Il operations: ' o

1. Standard laboratory test equipment - contractor supplied,
2, Special high speed test equipment - contractor supplied,
3. Terminal equipment - contractor and Government supplied.

Lists of the above are given in Tables IV, V and VI, respectively, indi-
cating the usage of each item, The quantities are total for the phase,

A description of the special high-speed digital equipment items is given
below; these are Raytheon items built for other programs and were supplied at
no cost for the tests.

a. Digital Encoder and Decoder

These breadboard printed circuit boards perform the functions
of analog-to-digital (A/D) and digital-to-analog (D/A) conversion and Delta
Modulation coding/decoding. The input to the Encoder was the high speed TV
camera video output signal. When clocked at 39 MHz nominal, the output was
on two lines each at 39 Mb/s. The two lines contained the Delta Modulation
2-bit code as indicated in Table III below., The decoder operated in reverse,
decoding the Delta Modulation signal and regenerating the video signal.

25




Table III. Encoder Output Coding

Step Size Line 1 Line 2
Large (+) 1 1
Small (+) 0 1
Small (-) 1 0
Large (-) 0 0
b. Pseudo-Random Sequence Generator Cards and Adaptor Box

These digital circuit boards operate at a bit rate of 29 Mb/s nominal,
and generate pseudo-random sequence signals. Four cards with word lengths
of 15, 31, 63, and 127 bits were employed in Phase III. When operating syn-
chronously, the bit stuff units of the AN/GRC-173 (XW-1) equipment are removed
and the clock from the radio is used to drive the cards.

Cs Bit Error Rate Test Set

This test set determines the difference between a 39.29 Mb/s
pseudo-random pattern ((215 - 1) bits in length) generated locally for muxing
and transmission and the similar pseudo-random pattern received and recovered
by the demux. This is done by synchronizing the local pseudo-random sequence
to the remote word, then allowing the unit to free run. A counter, connected
to the BER test set, registers an error each time the transmitted and received
patterns differ by one bit, A diagram showing interconnection with the counter
and other peripheral equipment is shown in Figure 11.

TO AN/GRC-173 MUX

39.29 250 BITS
AMHz
PRS @ 39,29 Mb/s

CL.OCK DATA

+5 VOLT L35 g ouT OuUT SYNC | g ¢¢ —

SUPPLY IN

BER TEST SET

ERROR
+5 VOLT _))_.
SUPPLY COUNT [——<&~#{ COUNTER

ouT

1
39,29 MHz 2131y BITS
RECOVERED RECOVERED
PRS

[

FROM AN/GRC-173 DEMUX

Figure 11, Interconnection Diagram for Using Bit Error Rate Test Set
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Table V. List of Special Test Equipment
Description Quantity | Manufacturer Use/Test
Pseudo-Random 4 Raytheon Error rate
Sequence Generator
(PRSG) Cards
Loop-back Adapter 1 Raytheon Back-to-back checkout
of digital and TV equip-
ment
Digital Bit Error 1 Raytheon Measure BER
Rate Test Set
Waveguide Attenuator 1 Raytheon In transmitter output,
Adaptor Section allows variable power
output for BER and range
tests - Uses TRG A510
precision attenuator
Table VI. List of Terminal Equipment
Description Quantity [Manufacturer/Mod. No.|Use/Test
Digital Encoder 1 Raytheon, TV transmission, A/D
Delta Modulation Type | conversion
Digital Decoder 1 Raytheon, TV transmission, D/A
Delta Modulation Type | conversion
Low Pass Filters 3 Raytheon TV iinage evaluation
(5,10, 15 MHz Cutoffs)
High Resolution 2 Conrac RQA-17 TV image display
TV Monitor*
High Resolution 1 Sierra Scientific TV pickup
TV Camera%* LSV Type
TV Camera 1 Sierra Scientific TV tests
Control Unit* (for above camera)
Light Table* 1 Richards Co. Catalog |TV - for illuminating
No. 910-639-1 Flat transparencies
Type, approximately
8'" x 10" plate area
Tripod and Lens 1 - For TV camera

%G overnment furnished for tests
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SECTION III

SITE, PATH AND SCHEDULE DATA

L. INTRODUCTION AND BACKGROUND

Numerous potential sites and link configurations for the Phase III tests were
investigated; these were in the geographic areas of Boston, Massachusetts, Rome,
New York, and Washington, D.C. (see Reference 5). Placing of the link stations
at the Pentagon and adjacent to the Washington Navy Yard (WNY) enabled the meet-
ing of key criteria such as:

a) Reasonable accessibility to terminals and availability of basic sup-
porting facilities, such as transportation, security and power.

b) Line of sight available, and L, O.S. without use of periscope antenna
systems preferred, since periscope installations would entail addi-
tional contract scope.

c) Present or anticipated future communications traffic warrants test of
a high-speed digital transmission facility,

d) Resident agencies interested in cooperating and possibly supplying
terminal equipment for tests.

Besides compatibility with the above factors, the selected Pentagon-WNY
configuration was felt to be highly suitable for demonstration to Government agen-
cies as a test bed. This was borne out; e, g., during January and February 1974,
nine link demonstrations and briefings were conducted for Government agencies.

One criteria which unfortunately could not be met by the Pentagon-WNY
link was maximum transmission distance. The link length was 4.4 km (2. 73 mi),
which is shorter than the range design specification of 10 km (6.2 miles) which the
equipment can meet., However, it was known that the 10-km condition could be
simulated at the shorter range, and accordingly plans were laid in early spring
1973 to proceed with installation of the Pentagon-WNY configuration upon the com-
pletion of Phase II,

s LINK CONFIGURATION AND INSTALLATION
a. Configuration
Figure 12 is a diagram of the test link laid out upon a section of the
U.S. Geological Survey map for the area. The path of 4,4 km crosses over an
urban area of apartments and office buildings, a small area of park, river and

channel waterway, and a busy highway interchange and parking area fronting the
Pentagon.
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b. Installation by Helicopter

The equipments were lifited to rooftop locations from closeby staging
areas by CH-54 Skycrane helicopter. The lifts took place on 6 August 1974
(Pentagon) and 29 September 1974 (WNY)., The schedule difference was due {o
delays encountered in constructing a channel-iron framework for the equipment
shelter at the WNY site. Additional data relating to the Lelicopter lift operation
can be found in Section V.,

C, Coordinates
The radio sets, designated as Shelter Groups 1 and 2 during Phase II,
were deployed in Phase 1II as indicated in Table VII, which also lists the site

coordinates and transmission frequencies.

Table VII, Equipment Locations

Site Coordinates Equipment Identification
Washington Navy 38° 52' 33" N Lat Shelter Group 1.
Yard (Building 213- 770 00' 18" W Long Transmit at 37.6 GHz,
M and 1lst Streets) Receive at 36, 6 GHz.

Vertical polarization,

Pentagon 380 52' 15" N Lat Shelter Group 2.

770 03' 22, 5" W Long Transmit at 56,6 GHz,
Receive at 37. 6 GHz.
Vertical polarization.

d. Path and Antenna Beam Details

The ground terrain over the path is characteristically flat and
nearly at sea level. However, buildings several stories high along the path
line raise the effective height of the terrain and this dictated the use of roof-
top installations to achieve clzarance. Towers (e.g., periscope antenna sys-
tems) to further increase clearance were, however, found to be unnecessary.
Figure 13 is a view from the Washington Navy Yard looking generally towards
the direction of the Pentagon and taken from a height approximately 20 feet
lower than the final antenna boresight.,

It is estimated that the first Fresnel zone clearance is approximately
13 feet, The antenna beam is narrow (0. 35° half-power beamwidth) and tra-
verses a line high enough above the Potomac River so the communications channel
is relatively free of surface layer and duct effects associated with non-standard
atmospheric conditions above the surface of the water.
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Figure 13. View from Rooftop at WNY Site - Looking Towards Pentagon

Another link consideration was the aircraft flight path for nearby
Washington National Airport, Aircraft using the field normally fly along the
Potomac River for safety and noise abatement reasons. However, FAA
regulations constrain their minimum altitude to be 300 feet at the link azimuth,
Thus, as further discussed in the section on propagation testing, this potential
multipath or beam-blockage problem did not occur in practice.

One unpredicted factor beyond the control of the project was the use of
tall construction cranes in the path of the antenna beam. They were used in
construction of the Washington Metro Transportation System. Their presence,
when operated in the path, at times caused a modest fade (see Section IV). The
cranes started producing a line-of-sight obstruction in October 1973, but it is
expected their use will stop during 1974.

e. Pentagon Installation

The Pentagon shelter was strapped down to a channel-iron framework

which in turn was secured to the asphalt and reinforced concrete roof structure
by means of tie-down bolts. The antenna mast was secured to a rigid plate on
the channel-iron framework and further tied down to the roof by four cables.
The external antenna rf feed was connected to the shelter flange bulkhead over
the radio rack via RG-96/U waveguide which was fabricated and fitted in place
after the antenna and shelter installations were complete., The access-way to
the shelter area was from a fifth-floor stairway. A rain gauge was installed
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about 40 feet from the shelter in an open area., Primary power (single phase,
3-wire plus ground, 120/240V, 60 Hz, 10 kW capacity) was run up to the shelter
via grounded conduit from a junction box at the bottom of the stairwell on the
fifth floor.

Figure 14 is a view of the installation from roof level, and Figure 15
is an aerial view. There was considerable roof area and foreground features
between the antenna and the edge of the building, Further description of the
Pentagon installation is contained in Section V.

3 Washington Navy Yard (WNY) Installation

The WNY station was installed on the building at the corner of M and
1st Streets in Washington. It is six stories to the main roof level of the building
and another 18 feet to the roof of an elevator shaft penthouse on which the shelter
and antenna equipment is emplaced. The emplacement at this end utilizes steel
I-beams and steel plate framework to which the AN/GRC-173 (XW-1) is attached
by means of tie-down cables. The framework itself is mechanically secured
to the load-bearing walls of the penthouse. Access to the shelter from the main
roof level is by ladder. Primary power to this shelter was obtained by tapping
into the main building lines as in the case of the Pentagon installation. A rain
gauge was installed at main roof level in a cleared area.

Figure 16 is a view of the WNY station taken from main roof level.
Section V contains additional data on this installation.

3. SCHEDULE

Several tasks were included in the overall schedule for Phase III. This
schedule is shown in Figure 17 and lists the following:

a) Physical installation of the stations.

b) “heckout and alignment of the equipment at the unit level, i.e.,
transmitter, receiver, clock unit, high speed mux, etc.

c) Baseline testing to establish the link and to integrate the test equip-
ment into the system.

d) Link tests of range performance, bit error rate and propagation.

e) Investigation of baseband terminal equipment to interface with the
AN/GRC-173(XW-1).

f) System test to evaluate operational performance of the AN/GRC-
173(XW-1) when it is interfaced with typical baseband terminal
equipment.

A log listing the chronology of events and activities during Phase III is
given in Appendix B,

35




Jooy uoBejus g uo pPaITeISUI (I-MX) €L1-DID/NV %1 2and1g




uoSejusg uo (1-MX) €L1-DUD/NV Jo MITA [BLIDY  *GT 03T

" . WA L THHS
s & (1-MNXIELI=-DUD/NY
H J
1 -
1
,
|
| VNNE LNV
| - U NV
| FRAPE I
[
|
|
|
w ;
| __
| |




38

WNY Installation from Main Roof Level

Figure 16,
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SECTION IV
TESTS AND RESULTS

1. INTRODUCTION

The following paragraphs disclose the engineering data and test results
which were obtained for the various tests under Phase III. The findings of mea-
surement procedures as well as qualitative evaluations and demonstrations are
discussed. Included are range performance evaluation, bit error rate per-
formance evaluations, system message tests and propagation tests. The AN/
GRC-173(XW-1) equipment reliability experience is summarized in Section V.

2. LINK BUDGET DISCUSSION

The link power budget is used in interpreting system performance. The
received signal power level is a function of the equipment parameters and the
condition of the transmission medium, including clear weather conditions or
the fading effect of precipation. The bit error rate (BER) is a function of the
signal to noise ratio (S/N = PR/N) of received signal power level (PR) to noise
power (N) in the data bandwidth., The parameter values and link budget calcula-
tions for determining PR and N for the AN/GRC-173(XW-1) Phase III configura-

tion are summarized below.

In clear air, the received signal power is:

PR(dBm) = P, (dBm) + G (dB) - L (dB) ) (1)
where:

PT = Transmitter power

G = Antenna gains

L = Equipment and medium losses

The value of L consists of a number of factors:

L = Ly-Ly-Lp-Lg-Lgp (2)
where
Lp = Free space spreading loss over the link distance
L, = Atmospheric loss over the link distance due to Oxygen and
Water Vapor
L,;: = Transmitter line loss
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I, Receiver line loss

R

Field loss allowance for equipment

1!

Ly

The term Ly is a field use factor that takes into account miscellaneous
effects such as: antenna misalignment, dry radome losses, and field de-
gradations in antenna gain and receiver noise figure. The antenna and re-
ceiver parameiers were measured under Phase II, but the values could not
be accurately re-measured in the field after shipment to the sites or after
field changes were made to the mixer. Approximate measurements made
in the field served mainly to verify that some field degradation had taken
place and that the planned loss L§ was realistic.

The baseline budget value for received signal power level, PR, from
equation 1 and the foregoing term expansion in equation 2 is tabulated in
Table VIII. Of the total S/N budget, the marginal portions required for various
error probabilities were determined during the bit error rate testing. Table VII
also gives the signal to noise ratio, S/N, in the data channel, obtained by using

the equation:

(3)

where

-~ Boltzmann's Constant

K

T =. Noise Temperature
B = Noise Bandwidth
F

= Receiver Noise Figure

§ = Distortion Value Allowance

The distortion value allowance is for intersymbol interference and
symbol distortion which can arise in the recovered digital bit stream and pro-
duce additional errors. Intersymbol interference refers to the distortion due
to overlapping symbols within a data channel or between data channels. Sym-
bol distortion is due to a change in shape of the received symbol. These ef-

" fects are due to linear or non-linear amplitude or phase operaticns on the
signal by the medium or by system hardware. Potential causes of intersymbol
interference and symbol distortion in the Phase III link were multipath due to
relative time delays among multiple propagation paths, and non-optimum data
channel timing effects or AM to PM conversion of the modulated carrier.
These effects produce bit errors in the data stream and in a way they can

be viewed as being due to additional system noise. It is difficult to predict

an estimated budget value for these distortion effects. A valuc of 3 dB was
used as an operating minimum in view of the potential multipath causes (flat

42




Table VIII.

Bageline Received Power

(Clear Weather)

Link Budget

Case 1:

WNY Station Transmit,
Pentagon Receive

Case II:

Peatagon Transmit,
WNY Station Receive

Parameter Value Note Value Note
PT Transmit Power, dBm 20.4 1 21.6 1
G Antenna Gains, dB 107 2 107 2
Lp Free Space Loss in 4,4 km, dB| 137 137
LA Atmospheric Loss, OZ+HZO, dB| 0.7 0.7
LT Transmiit Line Loss, dB 3 1 3 1
Lp Receive Line Loss, dB 3 1 3 1
LF Field Allowance, dB 6 6
PT+G Total, dBm 127. 4 128. 6
L Total Losses, dB 149. 7 149, 7
PR Power Received = PT+G-L, dBmj-22.3 ~21l.a
KT Boltzmann Const. X Noise

Temp., dBm/Hz -174 -174
B Woise Bandwidth, dB 83 3 83 3
F Noise Figure, dB 10, 7 2 11 2
N Receiver Noise = KTBF dBm -80,3 -80
PR/N Received Power to Receiver

Noise, dB 58. 0 58.9
5 Minimum Distortion Allowance,

dB -3.0 4 -3.0 4
S/N S/N in Data Channel, dB 55.0 55.9

NOTES: 1)

Field measurement, highest value

2) Highest vaiwue before shipment to field
3) Theoretical, based upon Phase II measurements
4) For intersymbol interference and symbol distortion




Pentagon roof foreground and machinery and building clearances) in the
Pentagon - WNY path, and the equipment receiver characteristics meas-
ured during Phase 1L

The resultant S/N values for the data channel shown in Table VIII are
the estimated clear weather and clear path values for the link performing at
the specified parameter values. A number of effects can modify these values.
They are discussed separately below and some are elaborated further in the
discussion of specific tests. Their consideration is required in this as well
as any other link for wideband microwave signal transmission.

One effect which reduces the received signal level and is more pro-
nounced at millimeter wave frequencies than at lower frequencies is the
loss due to precipitation. The amount of fade depends upon the amount of
water ir. the path or on the surface of the antenna radome and is considered
in detail subsequently.

Blockage due to a path obstruction which removes power from the beam
will also reduce the signal level. The construction cranes in the path at times
were believed to be a cause of multipath and at other times, a source of block-
age fade.

Time dependent amplitude fading due to variations in the atmosphere's
refractive index can produce !scintillation' of the signal or ducting. Tur-
bulence in the atrnosphere can produce fluctuations of propagation time (and
of the phase of the received signal) along a path., Low altitude temperature
inversions in the atmosphere can produce ducting. Scintillation occurred in-
frequently and ducting not at all on the test link.

Changes in hardware performance will occur during an extended test
program and thereby at times directly modify the effective S/N, For example,
for a time the modulator and ADO were operating outside of specification
value. This affected the transmitter chain of multiplier -modulator - final
amplifier, which was then operating with non-optimum drive levels, Cecrrect-
ing the equipment problem restored the link to its normal operation condition.
The equipment operation effects, which also included the method of loading
data into the system in the loop-around configuration, are further discussed
in Appendix A.

A final modification of the received S/N was the intentional one pro-
duced by varying the transmitted power output (via an attenuator) during bit
error rate tests or margin demonstrations, as discussed in the following
paragraphs.

8% RANGE PERFORMANCE TEST
a. Purpose and Requirements

The purpose of this test was to demonstrate through measurement
and analysis that the radio set is capable of communicating over the specified
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10 kilometers (6.2 miles) design range when it is required to do so. Since
the 4.4 km (2. 73 miles) link set up in Washington was shorter than required,
this was accomplished through the use of additional attenuation in the feed

line amounting to the additional free space path loss which would be ex-
perienced over a longer link., The amount of additional link attenuation re-
quired in this case was approximately 7 dB. Any further additional attenuation
over 7 dB would demonstrate other margin conditions or requirements. An
additional 6 dB simulates further range doubling or the realizability of addi-
tional propagation margin. A total attenuation of 15 dB nullifies the gain of the
transmitter final Avalanche Diode Amplifier (ADA) and thereby demonstrates
operational performance of the link minus this component.

b. Test Setup

The block diagram for this test is shown in Figure 18. The radio
sets were operated in their normal operational configuration with the excep-
tion that a waveguide attenuator section was substituted for an operational
section at a convenient point in the waveguide feed line. A photograph of the
special waveguide attenuator section, consisting of a TRG Co. A510 Preci-
sion Attenuator and bends, is shown in Figure 19. The replaced operational
section was the hybrid coupler and load that go between the transmit cir-
culator and filter and the final transmit waveguide bend. The attenuator sec-
tion was normally used at the WNY station, though it was also;inserted at the
Pentagon transmitter to establish received signal level calibration at the WNY
station. "

C. Test Procedure
The sequence of operations in this test was as follows:

, (1) Put both ends of link into normal operation (clocks stabilized,
antennas aligned, displays/alarms normal, no additional attenuation).

(2) Check communications status of link using order wire,
error rate measurement or TV picture transmission.

(3) At receive terminal note the receive level indication on the
recorder.

(4) At transmit station decrease amount of transmitted power
by increasing attenuation.

(5) At receive station note new received signal level indication.
(6) Repeat (2).

(7 Repeat (4), (5), and (6) until maximum desired attenuation
level is reached.

NOTE: This procedure was also followed in calibrating
the link in clear weather as necessary to later determine
rain fade depths, and in establishing received carrier

to noise levels for bit error rate tests.
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d. Results

As expectad, the additional 7-dB attenuation produced no noticeable
degradation in the link performance regarding the voice order wire quality or the
wideband TV picture quality, The results were similar at the 15-dB attenuation
level which simwulated elimination of the ADA amplifier as mentioned
above. Again this result was as expected, still leaving margin to achieve low
outage over the short link range, At longer range, the result of 15-dB attenuation
would be to cut considerably into the system margin which would otherwise be
available to oifset heavy rain attenuation.

A typical trace of the signal level recording made during this test is
shown in Figure 20, This is a portion of the recorder strip chart at the Pentagon
made on 7 January 1974,

Besides being a specific means of evaluating range performance, this
procedure was also found to be a rapid and satisfactory way of demonstrating the
margin capability during demonstration periods, During this type of demonstra-
tion, if the TV transmissions were being sent, it was possible to show that
imagery quality was still acceptable even at low S/N (error rates of 10-2 to 10'3)
and that after signal was lost (and then regained), the digital system would auto-
matically regain synchronization. Figure 21 shows five different margin demon-
strations of this type over approximately an hour's time on 24 January 1974.

4, BIT ERROR RATE (BER) MEASUREMENTS
a. Purpose and Requirements

A major criterion for performance of a digital transmission system
is the Bit Errcr Rate (BER) or the Probability of Error (P_) in the presence of
noise. The purpose of this test was to measure the error Serformance of the AN/
GRC-173 (XW-1) in a line of sight link configuration. Previous tests, under
Phase II at Raytheon laboratories, provided a measurement of the BER in a back-
to-back configuration with the same two radios connected to each other with a
short section of waveguide (Reference 4),

b. Test Setup and Procedure

In the link BER tests of Phase III, the radio sets were operated in a
loop-around mode. This was done since only one high-speed BER test set was
available on the project. Its operation required that the locally gencrated pseudo
random key generator digital signal source for transmission be co-located with
the received detected signal, The ''master' terminal contained the BER test set,
The remote terminal had the digital demux channels conneccted by cable to the
corresponding mux channels, hence the designation of the cperation as 'loop-
around', The rf signals went through the transmitter and receiver of each
station,

A simplified link block diagram of the loop-around configuration for
the BER test measurement is shown in Figure 22, In all the test runs for which
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24 January 1974
. AN/GRC 173 RECEIVED
SIGNAL LEVEL RECORD
| AT PENTAGON
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FIGURE 21, TYPICAL FADE MARGIN DEMONSTRATIONS
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BER data was taken, the Pentagon was the master station and the WNY station
was the remote. All of the additional attenuation to vary the signal level was
applied to the transmitter output at the remote (WNY) station. Figures 23 and
24 arc detailed block diagrams for the cquipment arrangements at the master
and remole stations, respectively. The BER test set used one of the high speed
channels at 39.29 Mb/s. The loading of the other channels was optional and is
discussed in Appendix A,

The procedure for measuring error rate was to compare the bit
sequence from the Pseudo-Random-Sequence (PRS) generator of the BER test
set, after passing through the radio set, with that of the similar and synchronized
local PRS signal. The BER test set is operated from a reference clock which is
common to the transmitted and received PRS signals and is capable of directly
providing an error count output signal. A separate counter with a variable time
base gate registers the number of outgoing and incoming bits which differ during
the measurement interval, The probability of crror (P ) is obtained Zy dividing
error count in errors per second by the channel data rate (39.29 x 100), Due
to inherent link margin in the system at the link range, the error rate was nor-
mally too low to register an error count during any reasonable measurement
interval. Therefore, the received signal level (and S/N ratio) was varied inten-
tionally to produce errors around the region of interest, whichis Pg = 10-°,
This was accomplished by changing the attenuator setting at the remote station.
A curve relating S/N to the errors was obtained by subtracting the attenuator
setting from the normal S/N reading and plotting against Po. The order wire
voice circuit was used by the two operators to coordinate the attenuator setting
and error counts.

A BER test run was generally attempted under conditions of no path-
obstructions (cranes). Sometimes, however, these conditions would not remain
static during a run thus producing anomalous data.

Cr Test Results and Discussion

Typical curves of P_ vs S/N obtained during the test period are shown
in Figure 25. The experimentaf data from which these curves were plotted is
given in Tables IX through XII. The curves disclose that a Pe = 107° for the
link is obtained with S/N at approximately 15 to 16 dB and a Pg = 1078 at
approximately 17 to 18 dB.

A consequence of the loop-around configuration is that it simulates
relay operation. Relaying demonstration was done this way primarily because
of schedule and resource constraints and it did not actually require the inter-
posing of a third terminal.

In the loop-around configuration where the additional system attenua-
tion is all at one end, as in the case here, the measured P, is dominated by the
direction of lower power transmission., Note that P, is inversely proportional
to the S/N ratio and that for two links (1 and 2) in tandem:
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Table IX. Experimental Data For Pe Test of 8 Feb, 1974, 1100 Hours

Error P Attenuator

Frequency (Hz) e Setting (dB) S/N (dB)

0.5 1.27 x 10-§ -38 17

5.9 1.5 x 10~ -39 16

52, 4 1.33 x 10-0 -40 15

384, 0 9.77 x 106 -41 14

2,000, 0 5,09 x 1072 -42 13

11, 100.0 2.82x 1074 -43 12

46,500.0 1.18 x 10-3 44 11

147, 000. O 3,74 x 1073 -45 10

269, 000, 0 6.85 x 10-3 -46 9

371,000, 0 9.44 x 10-3 -47 8

Table X. Experimental Data For Pe Test of 8 Feb., 1974, 1145 Hours

Error P Attenuator

Frequency (Hz) e Setting (dB) S/N (dB)

0.8 2.04 x 10-8 =38 17

11.6 2.95 x 10-7 -39 16

90. 7 2.31x 10-6 -40 15

783. 0 1.99 x 10~° -41 14

4,570, 0 1.16 x 10-4 -42 13

17, 300, 0 4,40 x 10-4 -43 12

53, 500, 0 1.36 x 10-3 -44 il

152, 000. 0 3,87 x 10-3 -45 10

247,000, 0 6.29 x 10-3 -46 9

460,000, 0 1.17 x 1072 -47 8

4

Table XI. Experimental Data For Pe Test of 12 Feb, 1974, 1430 Hours

Error P Attenuator
Frequency (Hz) e Setting (dB) S/N (dB)

0.2 5.1 x 10-7 -37 18
2.8 6.62 x 108 -38 17
20. 8 5.29 x 107 -39 16
148. 0 3.77 x 10-° _40 15
1,250.0 3,18 x 10-2 -41 14
5,690. 0 1.45 x 10-4 -42 13
23.100.0 5.88 x 10"31 -43 12
70, 400. 0 1.79 x 10~ -44 .l
221,000.0 5.62 x 103 -45 10
260, 000. 0 6.62 x 107> -46 9
373,000, 0 9.49 x 10-3 -47 8
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Table XI1I. Experimental Data For Pe Test of 12 Feb. 1974, 1500 Hours

Error P Attenuator
Frequency (Hz) e Setting (dB) S/N (dB)
0.5 1.27 x 10-8 -38 17
7.6 1.93 x 10-7 -39 16
70. 7 1.79 x 106 -40 15
617.0 1.57 x 10-2 =4 14
3,480.0 8.86 x 1072 ) 13
16, 800. 0 4.27 x 1074 .43 12
52, 100. 0 1.33 x 1073 44 11
161, 000.0 4,10 x 10-3 -45 10
234, 000. 0 5.96 x 10°3 -46 9
. 313, 000. 0 7.97 x 1073 -47 8
|
S/N = .
(S/NpoTarnL = 1 1

BN, N,

If one of the signal-to-noise ratios is much lower than the other, then the errors
attributed to the lower ratio dominate (e.g., (Pe)l = 1074 >> (Pg)2 = 10-°, The
above considerations obtain when the errors produced in the two links are
uncorrelated.

The curves of Figure 25 were obtained when the link was in its nor-
mal operating condition, and the errors in the two links were uncorrelated. This
rnormal operating condition is defined as:

(1) Equipment parameters were as specified by the link budget.
(2) The data traffic was asynchronous, per design specification.

(3) The medium was clear (clear weather and no obstructions in
the line of sight).

Limited attempts were also made to obtain developmental type data under varia-
tions in these experimental conditions. This included conditions for which the
errors in the loop-around links were correlated, Appendix A describes these
results.

A curve of the Phase III link P, is shown in Figure 26 together with
one made back-to-back in Phase II. The Phase Il curve is for one of the runs
(12 February 1974, 1430 hours) previously shown in Figure 25. The data for the
Phase II curve is given in Table XIII. While a rigorous comparison of the two
results cannot be made due to differences in the experimental arrangements,
note that the performances are similar., Figure 26 also shows a Pg curve for
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Table XIII, Experimental Data For Phase II P, Test - 3 April 1973

Error P
Frequency (Hz) e S/N (dB)

0. 08 2.03 x 10-9 18
0. 49 1.25 x 10-8 17
2.8 7.12 x 10-8 16
13.0 3.3 x 10-7 15
81.0 2.06 x 10-6 14
480. 0 1.22 x 10-2 13
2,250, 0 ‘, 5,72 x 10°° 12
9, 800. 0 2.49 x 10-4 i
23,800, 0 8.6 x 10-4 10
97,000, 0 2.5 x10-3 9
236, 000. 0 6.0 x 10-3 8

ideal binary differeutial phase shift key modulation with no band limiting. The
experimental curves approach the theoretical curve and are considered highly
representative of the performance of practical systems.
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O SYSTEM MESSAGE TESTS
a. Purpose and Requirements

] The purpose of the system message tests was to demonstrate the
use of the AN/GRC-173(XW-1) in the communications of digital data signals;
both wideband and narrowband type. Accordingly these tests included the
transmission of high resolution (1025 line) television (TV), utilizing two of
the five high speed 29.3 Mb/s data channels (80 Mb/s nominal total). In addition,
narrow bandwidth data at 100 kb/s was sent over a low speed (9. 3 Mb/s channel).

b. Terminal Equipment Investigation

Availability of baseband terminal equipment was a major con-
sideration in attempting system message tests. The AN/GRC-173(XW-1)
is an integrated radio and TDM facility with specified digital interface rates
(see section II for the design characteristics and data rates). Baseband
terminal equipment is required to tie into the AN/GRC-173(XW-1) to demon-
strate a total operational "user' system.

No terminal equipment was built or purchased under the project,
so it was necessary to use equipment available from other sources. Accord-
ingly, investigation was made of potential terminal eguipment. A related con-
sideration was the interface circuitry which would be necessary to integrate
the terminal equipment with the AN/GRC-173(XW-1).

One of the wideband terminal equipments which was investigated
was the high speed laser scanner/recorder set originally built for the Joint
Services In-Flight Data Transmission System Project. It has wide bandwidth
signal processing requirements which could potentially load the AN /GRC-173
(XW-1) to up to 80 Mb/s of its total 236 Mb/s capacity. Upon studying this
hardware, it was decided that the integration could not be accomplished
during the test phase. Therefore, other devices were investigated.

The requirement for wideband terminal equipment was ultimately solved
by the Government's loan of high resolution 1025 line TV camera, control and
monitor equipment which was being used on other programs, together with basic
lens and light table equipment and suitable imagery. To interface the TV ter-
minal equipment with the AN/GRC-173(XW-1), it was also necessary to obtain
appropriate analog-to-digital (A/D) coder and digital-to-analog (D/A) decoder
circuits. A set of breadboards of such equipment sufficient for one-~way trans-
mission tests was made available by Raytheon. Photographs of the encoder and
decoder are shown in Figures 27 and 28, and a further discussion of their design
is given in Section II. These breadboards were originally designed for another
application, and initially it was intended to use them for demonstration with
standard 525 line TV equipment. The coder and decoder were optimized as
much as possible for higher resolution (1025 line) TV equipment and subsequently
found to be acceptable. Since the 1025 line system transmission would make
for a more stringent test, the equipment was set up accordingly.
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Figure 28.
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Breadbc~ 'd Video D/A and Delta Modulation Decoder
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Narrowband tests were coneidered less important than wideband tests

of the AN/GRC-173 (XW-1) (in terms of demonstrating potential capacity);
however, some investigation was also made of the availability of suitable low
speed terminal equipment. It was originally anticipated that Multiplexer Sets
AN/GSC-24 would become available during the test period, but this did not
occur. The AN/GSC-24 is a low speed TDM equipment also being developed

3 by the Air Force and the Defense Communications Agency. The AN/GRC-173

' (XW-1) was designed for compatibility with the AN/GSC-24 at both the nominal
6.3 Mb/s and 9. 8 Mb/s port rates and under Phase II, this compatibility was
demonstrated through lab tests and analysis. Since delivery of the AN/GSC-24
equipment to the Washington test sites could not e accomplished under Phase
III, it was necessary to devise other narrowband demonstrations. Although for
a time it appeared that 10 to 50 KBPS laser scanner equipment would be tested,
it was found that no low speed terminal equipment could be made available within
schedule requirements. Finally, it was decided to simulate narrowband digital
traffic using test equipment. As shown later, a standard pattern generator was
suitably adapted to this purpose.

— =

The remaining paragraphs of this section will address the wideband and
narrowband system message tests separately due to the quite disparate re-
quirements as regards to test arrangements. It should be noted, however, that
the simultaneous mixture of narrowband and wideband data .raffic is possible
with the AN/GRC-173(XW-1) and this, in fact was shown using the test link.

c. Wideband Tests of High Resolution TV
(1) Laboratory Tests

Closed circuit tests were first performed in the laboratory
without the link to establish a performance standard, or operation baseline, ‘
Later, it would be possible to determine if the link produced any degradation f
in image quality.

Facilities in Washington were provided by the Government
for the laboratory tests, together with the TV terminal equipment which would
subsequently be used in the link. The TV equipment and the Raytheon encoder/
decoder were set up as shown in Figure 29. Four different positive image
transparencies were used in these tests:

e T

i
® Standard resolving power test chart (see Figure 30) i
° 16 level gray scale §
° Continuous tone pho}ograph of a ship in the Anacostia River
) Continuous tone photograph of an aerial view of Washington, D. C, s:
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Figure 30. Standard Resolving Power Test Chart

A minimum of three observers participated in the evaluations.

(a) Closed Circuit Baseband Tests Without Digital Encoding

Refer to the block diagram, Figure 29. The first group
of tests was run "straight-through' without digital encoding and with the cameras
simultaneously driving both monitors,

There was interest in comparing the
results with both monitors, since it was expected that phosphor persistence
would influence background noise.

The 1025 line camera and monitors operated
at 30 frames/second, or, 60 fields per second.

The followmg observations of the cosmetic value*

of
the video presentation were made using image transparencies of the ship on the
river and the aerial view of Washington:

P40 phosphor display+ clear, bluish image, pleasing
and restful,

P4 phosphor display: clear, whitish image, high
apparent contrast and more "'snow'' than P40

The gray scale tests produced the result that 11 of the
16 levels were distinguishable on both monitors by the observers

*As used in this discussion, ''cosmetic value' is a qualitative term for the
general visual appearance of that which was observed.
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The resolving chart image was viewed with the
following results:
P40 phosphor display: 12.7 line pairs per
millimeter (lp/mm)¥*,

P4 phosphor display: 14.3 lp/mm,

The system magnification from image to monitor was
measured to be 8 x and the resolution values were then normalized to ''per
powe ', an important criterion which is discus sed later. The results of mea-
suring resolution value per power are:

P40: 1,59 lp/mm/power

P4: 1.79 lp/mm/power

(b) Laboratory Tests with Digital Encoding

In this group of tests the TV signal was digitally encoded
and "hard-wire" connected to the decoder (see Figure 29). As explained in it
Section II, the coding is of the Delta 2-bit type with one of four pos sible digital '
code outputs split between two lines. The two lines each have a data rate
equivalent to the clock frequency, which in this case was supplied by a laboratory i
source operating at around 39 MHz. }

Again, both monitors were connected to view the output
simultaneously, The same image transparencies of the ship on the water and i
the aerial view of Washington were observed, The cosmetic value was subjec-
tively evaluated as ''quite satisfactory' by the observers. Slightly more noise
was present than in the non-encoded baseband tests, but the cosmetic value was
still judged as adequate and better than for conventional 525 line TV, Different
values of low pass filters, with cutoffs between 5 and 20 MHz were used in the
line between camera control and A/D converter to limit baseband noise; a 15
MHz filter was found to produce the best display qualities.,

The tests using the same gray scale transparency as
before showed that 11 of 16 gray values were distinguishable on either monitor. !
This result is identical with the previous non-coded result. 4
i
I

Viewing of the resolution chart produced the following
results:

P40 display: 11.3 lp/mm

P4 display: 12,7 lp/mm

% A line pair (lp) is a standard pattern of a black line plus a white line, or a
line and a space., A resolution of 12.7 lp/mm means that a pattern of 12.7
black lines plus white lines in one miliimeter is resolved.
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It was determined that the same magnification (8X) was
present in the systcm, and the resolution values normalized to ''per power'' then i

were:

P40 display: 1,41 lp/mm/power
P4 display: 1.59 lp/mm/power

(c) Discussion of Results of the Laboratory Closed-Circuit
Tests

Table XIV summarizes the results of the laboratory
tests. In general, the use of the breadboard digital coding equipment was
found to produce satisfactory results. When the coding equipment was inter-
posed, the imagery cosmetic quality was only slightly reduced and gray-scale
values were the same as without it.

The resolution ""per power'' rating used above is a
figure of merit which is a function of numerous variables since it takes into
account all components in the system, including viewer, optics, lighting,
display screen and camera target as well as the electronics and the environ- 1
ment. A value of 1 lp/mm/power is considered representative of a good 525
line closed circuit TV system, while approximately 2 lp/mm/power may some- H
times be obtained under the most ideal conditions for a 1025 line system. Exam-~
inations of the above results show intermediate values of the ''per power!" figure
of merit for both the baseband video and the digitally coded video tests. The
reason for any difference in performance between the P40 and P4 displays is _,
not fully known, but it is possibly due to different aging processes in the phos- E
phors. The TV equipment had been in use fcr some time and the difference in
performance with and without the digital converter equipment in the system
was only about 12 percent. This result was encouraging Hecause, as mentioned,
the converter circuits were originally designed for another application. i

The baseline laboratory tests above were repeated and
the findings were the same. The overall result was that the 1025 line TV image
quality with the converters was judged satisfactory to pass video over the link
for demonstration of the link's effect on video image quality.

(2) Link Tests

The link tests of TV transmission used the WNY station as
the sending end and the Pentagon station as the receiving end. For these tests
all equipment was self-contained in the shelters. A block diagram of the test
setup is shown in Figure 31 and the terminal configurations are shown in
Figure 32. A basic discussion of the comparative results (1ab vs link tests)
will be given first for purposes of continuity with the above discussion, then
additional details will be provided on the test setups and the further TV demon-
strations with the AN/GRC-173(XW-1).



Table XIV. Summary Of Results For TV Laboratory Tests

Without Coding/Decoding

Parameter P4 Phosphor P40 Phosphor
Monitor Monitor
Cosmetic value Excellent Excellent
Gray Scale 11 shades 11 shades
Resolution 14. 3 lp/mm 12.7 lp/mm

Per-power value

1.79 1p/mm/power

1.59 lp/ mm/power

With Coding/Decoding

Parameter

P4 Phosphor
Monitor

P40 Phosphor
Monitor

Cosmetic value

Gray Scale
Resolution

Per-power value

Adequate and
better than 525
line TV

11 shades

12. 7 lp/mm

1.59 lp/mm/power

Adequate and better
than 525 line TV

11 shades
11.3 lp/mm

1.41 lp/mm/power
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(a) Results and Comparison with Lab Tests

The cvaluations performed over the link were similar
to the ones performed in the laboratory and included: cosmetic value of the
image display, -ray scale, and resolution. The imagery samples were the
same as used in the laboratory baseline tests.

Table XV summarizes the results of the link

evaluation.
Table XV. Summary Of Results For TV Link Test
Display on WNY Monitor Received Display on Pentagon
Before Encoding and Monitor After Receiving and
Farameter Transmission Decoding
Monitor Scope . P4 Phosphor P40 Phosphor
Cosmetic Value Same as in laboratory Same as in laboratory
Gray Scale 11 Shades 11 Shades
Resolution 11.3 lp/mm 11:3 lip/ s
Per-power Value 1.41 lp/mm/power 1.41 lp/mm/power

The results in Table XV should be compared with the
laboratory tecst results summarized in Table XIV. In the link tests, the cosmetic
value of the display after coded link communications was obscrved to be equiva-
lent to that seen in the coded laboratory tests. The gray scale definition was
identical to that found in the laboratory, i.e,, 11 shades. Also, regarding
resolution, it was found that the link did not cause any degradation, Note the
results in Table XIV for the local WNY P4 monitor and the Pentagon P40 monitor;
the values of resolution and per-power valuec are the same, 11,3 Ip/mm and
1.41 lp/mm/power respectively. Referring again to Figure 31, the local WNY
P4 monitor was ahead of the digital encoder and the link and the P40 Pentagon
monitor was after the iink and the digital decoder. Therefore, since the resolu-
tion results were the same, the conclusion is reached that the AN/GRC-173(XW-1)
link was transparent in the transmission process. The difference between the
laboratory resolution of 1,59 lp/mm/power obtained on the P4 phosphor and the
WNY shelter mounted display value of 1.41 1p/mm/power (both obtained without
digital processing) was found to be produced by vibration effects at the rooftop
location. In the laboratory, the environment was ideal. In the link tests, vibra-
tion of “he shelter was mechanically transmitted to the light pad, tripod, camera,
lens, and image transparency, and this produced the drop in resolution. The
link itself introduced no measurable change in the image quality. The conclusion
was therefore reached that the AN/GRC-173(XW-1) link acts as a "non-interfering"
channel for the video signal, Environmental effects on the TV terminal equip-
ment such as vibration would be climinated in any futurc appiication.
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(b} Additional Details of TV Link Configuration and
Demonstration

The following paragraphs further document the equipment
arrangements and the demonstrations conducted in support of the wideband link
performance evaluation of the AN/GRC-173(XW-1),

Note: Upon completion of the controlled TV link tests,
the above mentioned camera, monitor and light pad equipment, or others, were
used for demonstrations depending on availability of the exact item. In par-
ticular, a Telemation Company Model TMC2300 High Resolution TV camera and
other types of Conrac Company monitors were also used, The following illus-
trations are representative of the usage of any of these equipments.

Figure 33 is a view of the tripod-mounted TV camera
at the WNY shelter pointing down at an image transparency on the portable
light box. Figure 34 is a view of the camera control equipment at the WNY
station. The A/D Video Encoder is shown in Figure 27. The display monitor
setup at the Pentagon station is shown in Figure 35. Some auxiliary test equip-
ment to support the overall tests is visible and the operator's use of the order
wire channel to coordinate test sequences is also shown.

Figure 36 is a photographic print similar to the positive
transparency image of the ship in the Anacostia River used in the controlled
evaluation tests. Photographs of the same subject taken right off the Pentagon
station TV monitor are shown in Figures 37 and 38. These are off the display
screen after being digitally transmitted and received.

Other photographs taken off the Pentagon display monitor
after digital communications over the link are shown in Figures 39 and 40. Note:
Magnifications of the viewed subject of between 5X and 25X were produced by the
TV camera lens prior to transmission, For example, in obtaining the ship
details shown in Figures 37 and 38, the TV camera lens magnification was set at
approximately 20X and the TV camera was pointed at the ship scene (as shown
in Figure 36) at stations about 1/4 aft of the bow and at the stern,

The photographs of the TV display screens for this
report were obtained with a 35-millimeter Minolta SRT-101 camera used with
available light, The rendition for this report naturally cannot be considered
optimum because of photographic processing. Observers at the actual demon-
strations generally remarked that the displayed quality was ''adequate' to
"excellent,"

The TV camera could also be pointed at objects inside
the shelter. Visually-aided conferences and communications of graphics were
demonstrated in this way.
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Figure 34. TV Camera Control Equipment At WNY Station
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Figure 36. Photographic Print Similar To Image Transparency of
Ship in Anacostia River

76




Figure 37, Detail of Ship After Digital TV Transmission

Figure 38. Another View of Ship Detail After Digital TV Transmission
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A, Example

Figure 39.

B. Example

Other Examples of Image Transparency Digital
TV Transmission
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Figure 40. Display After Higher Magnification and Digital Transmission

During demonstration periods it was at times instructive
to transmit ''live action' scenes by pointing the TV camera through the open door
of the shelter towards objects outdoors. It was found that untrained observers
would verbalize more readily over live transmission because the scenes were
""more familiar' than the image transparencies and, unlike the latter, the live
scenes had not lost quality in prior photographic processing. The reaction was
very favorable. The observers generally stated that the digitally ccded 1025
line transmission over the link was superior to the 525 line standard analog
transmission that they were accustomed to seeing.

The demonstration also included intentional system
margin fades while a TV picture was being transmitted. An attenuator in the
WNY station transmitter was used to simulate the fade. It was found that
reasonable image quality was maintained down to 10-2 to 10-3 error probability
corresponding to fades greater than about 42 dB. After a total loss of picture
(corresponding to very high attenuator settings) automatic resynchronization
of the system would be demonstrated when the attenuation was removed.

For completeness, further mention is made of the
clock drive for the breadboard A/D arnd D/A converters since this involved
field modifications. The only available external clock at the time of the tests
was instead used for operating the BER test set. To accomplish the digital
converter clocking while faced with this test equipment limitation, it was
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necessary to modify the radio equipment proper to make the 39. 3206 MIlz clock
signal externally available., Two ways were used. One was to utilize a mux

or demux card which had been specially built for the engineering model during
Phase 1I, and which had provision for clock extraction built into it. Another
way was to tap into an appropriate point on the mux/demux cards of the Phase III
unit. Preferred over either method in the future for convenience would be an
external clock at 39.29 MHz. This would also allow the synchronous operation
of the system as specified. The above cominents should be taken into considera-
tion in the design of future models of A/D and D/A converters for this applica-
tion.

It is also mentioned that one peripheral investigation
suggested during Phase III that could not be carried out because of other com-
mitments was a test at different TV camera frame rates and digital encoding
rates. This was brought under consideration while noting the display results
with the high persistence P40 phosphor. The apparent noise smoothing effect
of high persistence screens would potentially reduce the required TV camera
frame rate from the standard 30 frames/second when ''still" scenes are viewed.
The resultant reduction of encoding rate is not important to per se usage of the
AN/GRC-173(XW-1) due to the 236 Mb/s bandwidth capability already inherent
in the radio., IHowever, it could be of some significance to future employment
of additional baseband devices at the intertace.

Note: The use of subjective terms in several instances
in this section when describing TV image quality is regretted, but unavoidable
due to the nature of the subject matter. Attempts have been made to maintain
scientific approach through the use of specific quantitative measures or meaningful
comparison wherever possible,

(c) Narrowband Tests

For reasons mentioned carlier, the communications of
narrowband data over the link was demonstrated using a pattern generator
between approximately 1 Kb/s and 1 Mb/s to represent the terminal device.

To process the narrowband signals, the 9,83 Mb/s channel of the radio's Video-
phone Mux/Demux unit was used as a sampling mux and regenerator,

In this arrangement, which operates inherently in the
9.83 Mb/s channel through design, the mux samples a low speed signal at a rate
very much higher than the signaling rate so that many sampling intervals are
utilized to process the input. The signal from each sampling interval is time
division multiplexed in the radio with other signal bits. Framing information
is also supplied so that the original inpui is regenerated in the demux unit.
"hile this type sampling is not an cfficient use of bandwidth (e.g., * 9.83 Mb/s
channel to process a 100 Kb/s signal), it should be apparent that the overall
23t Mb/s capacity of the radio can readily accommodate such inefficient usage
while simultaneously processing multiple wideband signals. The main advantage
is that it is a very simple arrangement and has a great deal of inherent flexi-
bility for a variety of rates, as demonstrated by varying the input signals over
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several octaves without altering the results. The optimum arrangement, of
course, would be to use a specifically designed low speed mux such as the
AN/GSC-24 or commercial models,
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